 DLB and PD-impaired groups shared an overlapping pattern of cortical thinning.  Thinning was prominent in AD signature, fusiform, precentral and paracentral regions.  Amyloid, when present, increased the severity of cortical thinning.  Amyloid deposition increased MTL atrophy in DLB but not in PD-impaired participants.  Regional cortical thinning impacted cognitive function.
Introduction
The Lewy body diseases-dementia with Lewy bodies (DLB), Parkinson disease dementia (PDD), and Parkinson disease (PD)-are characterized neuropathologically by neuronal inclusions of α-synuclein in cortical and subcortical regions as well as loss of neuromodulator neuronal populations including dopamine cells of the substantia nigra pars compacta and cholinergic cells of the basal forebrain (Gomperts, 2014; Halliday et al., 2014) . The shared clinical features of DLB and PDD-which together comprise the Lewy body dementias (LBD)-include progressive cognitive impairment in association with parkinsonism, visual hallucinations, rapid eye movement sleep behavior disorder (RBD), and fluctuations in alertness and cognition. This clinical overlap suggests that the common neuropathology of the LBD impacts an overlapping set of vulnerable brain regions.
Imaging-based assessments of regional cortical atrophy in the LBD have provided a valuable approach to detect affected cortical regions (Song et al., 2011; Summerfield et al., 2005; Watson et al., 2015; Weintraub et al., 2011) . Although atrophy has been reported in both diseases, cortical volume loss is often more extensive and severe in DLB than PDD (Beyer et al., 2007; Borroni et al., 2015; Burton et al., 2004; Lee et al., 2010; Sanchez-Castaneda et al., 2009) . One contributor to this distinction may be the greater prevalence and severity of concomitant Alzheimer's disease (AD)-related pathologic changes in DLB, including amyloid plaques and neurofibrillary tangles observed at autopsy (Harding and Halliday, 2001) . Indeed, the presence of amyloid deposition in DLB (Gomperts, 2014) has been associated with greater cortical thinning (Lee et al., 2018; Mak et al., 2019) , greater medial temporal atrophy (van der Zande et al., 2018) , and a faster rate of cortical atrophy (Sarro et al., 2016) . Studies aggregating patients with DLB, PDD, and the Lewy body variant of AD concur: cortical thinning was greater in the presence of amyloid and extended into widespread association cortices (Kang et al., 2019; Shimada et al., 2013) . However, to our knowledge, the impact of amyloid on cortical thinning in PD and PDD has not been directly assessed.
In AD, a stereotyped topography of cortical thinning has been replicated in multiple studies; known as the "AD signature," this distributed pattern of cortical atrophy involves heteromodal and paralimbic cortical regions known to be affected by AD neuropathology Bakkour et al., 2013; Dickerson et al., 2009; Dickerson et al., 2011; Racine et al., 2018) . In DLB, concomitant amyloid deposition evident on amyloid PET appears to drive a pattern of cortical thinning similar to AD, with additional regional thinning that may reflect the underlying synucleinopathy (Lee et al., 2018) . To assess whether these observations extend to PDD and to explore how regional cortical thinning relates to clinical features of the Lewy body diseases, here we compared MR measures of cortical thinning in DLB, cognitively impaired PD and cognitively normal PD, assessed the impact of amyloid burden on the topography and severity of cortical thinning, and related regional cortical thinning to clinical features. We hypothesized that the topography of cortical thinning would be similar in DLB and cognitively impaired PD, overlapping with the "AD signature" on the basis of amyloid accumulation, with additional cortical involvement relevant to the distinguishing clinical features of the LBD. We also predicted that cortical amyloid would increase thinning in both groups, and that regional thinning in DLB and PD would relate to cognitive and motor impairments.
Methods

Participants and clinical assessments
Twenty-one participants with DLB, 16 PD with a broad range of cognitive impairments (PD-impaired; including 7 with PD-MCI and 9 with PDD), and 24 cognitively-normal individuals with PD (PD-normal) were recruited from Massachusetts General Hospital's Movement and Memory Disorder Units. All participants with DLB fulfilled the consortium criteria for probable DLB (McKeith et al., 2017) . Participants with PD met the clinical criteria of the UK Parkinson's Disease Society Brain Bank (Hughes et al., 1993) . Subjects with PD-MCI met level II Movement Disorder Society (MDS) Task Force guidelines (Litvan et al., 2012) . The clinical MDS criteria for probable PDD were used for diagnosis of PDD participants (Emre et al., 2007) . Subjects underwent clinical evaluation including scoring of motor function with the Unified Parkinson Disease Rating Scale part III (UPDRS-III) and detailed neuropsychological tests of the Unified Data Set of the Alzheimer's Disease Research Centers (Beekly et al., 2007; Morris et al., 2006) , including the Clinical Dementia Rating Sum-of-Boxes score (CDR-SB), Mini-Mental State Examination (MMSE), Neuropsychiatric Inventory Questionnaire for assessment of hallucinations, and Mayo fluctuations scale (Ferman et al., 2004) . The diagnostic groups were well matched for age ( Table 1) . Across all participants, the extent of concomitant small vessel disease evident on MR imaging was either absent or mild. Subjects with significant white matter hyperintensities (WMH), defined as either confluent deep WMH or irregular periventricular WMH extending into the deep white matter, were excluded. Thirty-one subjects underwent dopamine transporter PET imaging for purposes unrelated to the current study; putamen DAT concentration was reduced in all. The diagnosis of Lewy body disease was confirmed with neuropathological evaluation in all 18 cases that came to autopsy.
Table 1. Demographic and clinical characteristics of participants
MR data from 115 age-matched healthy cognitively normal (CDR 0) individuals acquired in previous studies (Bickart et al., 2014; Dickerson et al., 2009; Moriguchi et al., 2011) were also employed for vertex-based and regions of interest (ROIs) -based cortical thickness analyses.
This study was approved by the Partners Human Research Committee Institutional Review Board of Partners Healthcare, Inc.
Neuroimaging procedures
Patient were scanned in an identical manner on a 3T Tim Trio (Siemens). High resolution structural T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) sequence were acquired with the following parameters: (TR = 2.3 ms, TE = 2.98 ms, flip angle = 9°, field of view = 240 mm × 256 mm, slice thickness = 1 mm and TR = 2.53 ms, TE = 1.64 ms, flip angle = 7°, field of view = 256 mm × 256 mm, slice thickness = 1 mm) processed with Freesurfer (version 6.0, freely available at http://surfer.nmr.mgh.harvard.edu). For all subjects, procedures for data collection included head movement restriction using expandable foam cushions, and automated scout and shimming procedures.
The technical details for MRI morphometric data analysis have been previously described in detail Values represent mean (standard deviation) unless otherwise noted. Group analyses were tested among DLB, PDimpaired, and PD-normal groups. Subgroup differences were tested among amyloid positive and negative DLB, PDimpaired and PD-normal groups. Average ages of all groups, subgroups and HC were similar. Note that amyloid status of two DLB participants was unknown; they were not included in subsequent subgroup analyses. a, between group difference, p < 0.05, ANOVA; for analysis of hallucination, p < 0.05, Chi square test. b, between subgroup difference, p < 0.05, ANOVA. (Fischl and Dale, 2000; Fischl et al., 1999; Salat et al., 2004) . In brief, for each individual subject, cortical thickness at each surface location (vertex) was measured as the average of the closest distance from the gray matter/white matter boundary to the corresponding cortical surface. The accuracy for this measurement has been validated by direct comparisons with manual measures on postmortem brain (Rosas et al., 2002) and on MRI data (Kuperberg et al., 2003) . After visual inspection for each individual subject, the cortical thickness data were smoothed along the cortical surface using a Gaussian kernel with a full width at half maximum of 15 mm.
Based on study hypotheses, we obtained cortical thickness from AD signature regions of cortical thinning Dickerson et al., 2009 ). The AD signature ROIs were selected on the basis of their relevance to cognitive function and anticipated vulnerability to cortical amyloid.
Cortical thickness values from these ROIs were then subjected to statistical analyses for ROIs as described below (Sections 2.3).
In addition, we obtained cortical thickness from three ROIs of the Desikan-Killiany atlas (Desikan et al., 2006) determined based on the exploratory vertex-based analysis of the statistical surface maps for the contrast of DLB vs. HC groups. These ROIs which included precentral, paracentral, and fusiform regions were anticipated to relate to clinical features in the Lewy body diseases. Cortical thickness values from these ROIs were subjected to statistical analyses for ROIs as described below (Sections 2.3). To generate the statistical surface maps, we computed a two-class general linear model for the effects of diagnostic group on cortical thickness at each point (threshold P < 0.05, FDR corrected).
[11C]PiB PET was acquired using a Siemens/CTI (Knoxville, TN) ECAT HR+ scanner (63 image planes; 15.2cm axial field of view; 4.1 mm transaxial resolution and 2.4mm slice interval) with a 8.5 to 15 mCi bolus injection followed immediately by a 60-minute dynamic acquisition in 39 frames (8×15 seconds, 4x60 seconds, 27×120 seconds). PET data were reconstructed and attenuation corrected, and each frame was evaluated to verify adequate count statistics and absence of head motion.
[11C]PiB PET data were expressed as the distribution volume ratio (DVR) with cerebellar grey as reference.
[11C]PiB retention was assessed using a large cortical ROI aggregate comprised of frontal, lateral temporal and retrosplenial cortices (FLR). For use as a dichotomous measure, high Aβ was defined as FLR DVR ≥ 1.32 after partial volume correction using SGTM (Greve et al., 2016) , based on a Gaussian mixture model on a reference dataset of clinically normal elderly (Mormino et al., 2014) . In three participants, amyloid status was made either via visual assessment (PiB negative, n=1 DLB) or autopsy (Aβ negative, A1B1C1, n=1 DLB; Aβ positive, A3B2C2, n=1 PDD) (Hyman et al., 2012) . Two DLB subjects lacked [11C]PiB scans or autopsy results and were excluded from amyloid subgroup analyses.
To examine the effect of amyloid deposition on cortical thinning in LBD, we stratified DLB and PD-impaired subjects by amyloid status (+/-). In vertex-based analysis, we generated statistical surface maps by computing a two-class general linear model comparing healthy controls with amyloid-positive DLB, amyloid-negative DLB, amyloid-positive PD-impaired and amyloid-negative PD-impaired groups. In ROIs analysis, the AD signature regions and the three additional ROIS (fusiform, precentral and paracentral) were subjected to statistical analyses as described below (Sections 2.3).
Statistical analysis
Group statistical comparisons were performed using analysis of variance with post hoc pairwise comparisons for continuous measures or χ 2 for proportions. In ROI analyses, Bonferroni correction was used for comparisons across multiple ROIs. Relationships between continuous measures (e.g., between regional anatomic measures and the severity of clinical symptoms) were assessed with Spearman correlations, adjusting for age. Statistical analyses were conducted using R Software (version 3.3.3, freely available at https://www.r-project.org/).
Results
Clinical characteristics
Participant characteristics are presented in Table 1 . The DLB, PD-impaired and PD-normal groups did not differ on the basis of age, years of education, or sex, which was skewed toward men in all disease groups. Cognitive impairment measured with MMSE and CDR-SB scores was greater in DLB than in the PD-impaired group (for each contrast, Tukey's post hoc t test, p < 0.05). Motor impairments assessed with the UPDRS motor subscale and Hoehn and Yahr (H&Y) stage were similar in DLB and PD-impaired groups. However, the severity of motor impairments on UPDRS was greater in DLB than in the PD-normal group (ANOVA, F(2, 58) = 5.1, p = 0.01; Tukey's post hoc t test, p = 0.01). Visual hallucinations were common in DLB (prevalence 52.4%) and PD-impaired subjects (prevalence 31.3%) but were rare in PD-normal subjects (prevalence 4.2%; contrast of DLB vs. PD-normal, χ 2 = 13.3, p < 0.001; contrast of PD-impaired vs PD-normal, χ 2 = 5.5, p = 0.02).
When DLB and PD-impaired subjects were stratified by amyloid status (+/-), age, sex, and years of education were comparable across the four subgroups. Amyloid deposition was common in both DLB (fraction amyloid positive: 10/19) and PD-impaired subjects (7/16). The extent of deposition was similar in DLB compared to PD-impaired subjects (FLR DVR, DLB 1.68 ± 0.58, PD-impaired 1.30 ± 0.22, Mann-Whitney test, p = 0.11). In the PD-normal group, 6/24 had elevated PiB retention. Amyloid status did not impact cognitive impairment within diagnostic groups. Motor impairments and the prevalence of visual hallucinations were similar across all subgroups.
Patterns of cortical thinning
In DLB, vertex-based analyses demonstrated widespread cortical thinning (p < 0.05, FDR corrected), most severe in frontal, parietal, lateral and medial temporal regions (Figure 1A) . In the PD-impaired group, thinning was evident in an overlapping distribution (p < 0.05, FDR corrected) but spared medial temporal regions (Figure 1B) . The distribution of cortical thinning in the DLB and PD-impaired groups included AD signature regions (nine cortical ROIs), with additional involvement of precentral, paracentral, and fusiform regions (Figure 2A ; Table 2 ; Supplementary Table 1) . No significant cortical thinning was observed in the PD-normal group. Similar results were observed at the ROI level: both DLB and PD-impaired groups had marked cortical thinning in the AD signature regions taken as a whole, compared to PD-normal and HC groups (Figure 2B , ANOVA, F(3, 172) = 23.2, p = 1x10 -12 ; Tukey's post hoc t test, p < 0.005). Compared to PD-normal and HC groups, both DLB and PD-impaired groups showed significant thinning in primary motor (aggregated precentral and paracentral) regions (Figure 2C , ANOVA, F(3, 172) = 14.1, p = 3x10 -8 ; Tukey's post hoc t test, p < 0.05), as well as in the fusiform (Figure 2D , ANOVA, F(3, 172) = 22.3, p = 3x10 -12 ; Tukey's post hoc t test, p < 0.05). No significant difference was observed in the extent of cortical thinning between DLB and PD-impaired groups in the AD signature, primary motor, or fusiform regions. Cortical thinning in DLB was greatest in the medial temporal cortex with a mean magnitude of thinning of 0.39 mm (12% reduction compared to HC, ANOVA, F(3, 172) = 9.5, p = 8x10 -6 ; Tukey's post hoc t test, p = 6x10 -5 , Bonferroni corrected for number of ROIs). Other regions with more than 0.2 mm thinning included the precentral, fusiform, temporal pole, and inferior parietal (supramarginal) regions, which ranged from 8.8 -10.5% thinner than HC (each comparison, Tukey's post hoc t test, p < 0.001, Bonferroni corrected). A smaller magnitude of thinning (0.13-0.19 mm, 5.8-7.6%) was also observed in inferior temporal, precuneus, angular, paracentral, inferior frontal, superior frontal and superior parietal regions (Tukey's post hoc t test, p < 0.05, Bonferroni corrected).
Table 2. Quantitative metrics of thinning by region
In the PD-impaired group, in contrast to DLB, cortical thickness in medial and inferior temporal regions was normal (ANOVA, for medial temporal cortex, F(3, 172) = 9.5, p = 8x10 -6 , for inferior temporal cortex, F(3, 172) = 7.1, p = 2x10 -4 ; Tukey's post hoc t test, for medial temporal cortex, p = 0.36, for inferior temporal cortex, p = 0.09). Cortical thinning in PD-impaired subjects was greatest in superior frontal cortex (0.22 mm, 8.4% reduction, ANOVA, F(3, 172) = 12.9, p = 1x10 -7 ; Tukey's post hoc t test, p = 2x10 -4 , Bonferroni corrected). Cortical thinning was also observed in the precentral (0.20 mm, 8.1%) and paracentral cortex (0.14 mm, 5.9%), fusiform (0.12 mm, 4.6%), precuneus (0.18 mm, 7.2%), superior parietal lobule (0.16 mm, 7.3%), and angular gyrus (0.15 mm, 6.2%) (all contrasts, Tukey's post hoc t test, p < 0.05, Bonferroni corrected). The severity of cortical thinning was similar in the PD-impaired group and the DLB group in each of these regions, except for fusiform cortical thickness which was thinner in DLB compared to the PD-impaired group but did not survive multiple comparisons correction (ANOVA, F(3, 172) = 22.3, p = 3x10 -12 ; Tukey's post hoc t test, p = 0.04, Bonferroni uncorrected). As mentioned previously, the fusiform gyrus is not a consistent area of cortical thinning in AD. Interestingly, the three other areas with the most prominent thinning in DLB (medial temporal cortex, temporal pole, and supramarginal gyrus) are also consistently affected in AD and were much less affected in the PD-impaired group. Of note, when analyses were restricted to subjects with PDD, cortical thickness in the medial temporal cortex remained similar to HC (ANOVA, F(3, 165) = 9.7, p = 6x10 -6 ; Tukey's post hoc t test, p = 0.42).
Together, these results show that the DLB and PD-impaired groups shared a largely similar spatial pattern of cortical thinning that extended beyond the AD signature regions but differed with respect to temporal lobe involvement, with the DLB group having much more widespread medial, ventral, and ventrolateral temporal cortex thinning than the PD-impaired group.
The effect of amyloid accumulation on cortical thinning in LBD
In vertex-based analyses, DLB and PD-impaired subjects with high PiB retention (amyloid positive) showed more extensive and severe cortical thinning than subjects with low PiB retention (amyloid negative) (Figure 3) . The topography and extent of cortical thinning was broadly similar in amyloid-positive DLB and PD-impaired subjects, evident in both groups in frontal, parietal, and lateral temporal regions including AD-signature regions. However, as in the above analyses, the medial, ventral, and lateral temporal lobes showed a notably more widespread pattern of cortical thinning in amyloid-positive DLB than in the amyloid-positive PD-impaired group. In the amyloid-positive PD-impaired group, a relatively more prominent pattern of thinning in the dorsolateral prefrontal cortex was present, compared with DLB. The medial temporal cortex was spared in the PD-impaired group. In contrast, the pattern of cortical thinning evident in amyloid-negative DLB was much more restricted, with effects in dorsolateral prefrontal, precentral, and temporal cortex, but with much less lateral or medial parietal atrophy than in both amyloid-positive groups. Cortical thinning was not detected in amyloid-negative PD-impaired subjects. We were unable to detect an effect of amyloid deposition on cortical thickness in PD-normal patients in either vertex-based or ROI analyses. To confirm that the nonsignificant differences in age between groups did not contribute to these results or to the group contrasts independent of amyloid, we reran the analyses, contrasting the diagnostic groups with healthy control subjects tightly matched for age. After matching for mean and median age, the gamma maps remained essentially unchanged. ROI-based analyses confirmed the vertex-based results. In ROI-based analyses of amyloid-positive DLB, the medial temporal lobe was most affected (0.44 mm, 13% thinning compared to HC), followed by the fusiform (0.36 mm, 13%), with additional cortical thinning in precentral, precuneus, supramarginal, angular, inferior frontal, and temporal polar regions (for each comparison: Tukey's post hoc test, p < 0.05, Bonferroni corrected for the number of ROIs; Table 3 ). In the amyloid-negative DLB subgroup, cortical thinning was less marked than in the amyloid-positive DLB subgroup. Interestingly, all but one ROI (the superior frontal gyrus) were slightly though not statistically thinner in the amyloid-positive DLB group than in the entire DLB group, whereas all but that same ROI were slightly though not statistically thicker in the amyloid-negative DLB group than in the entire DLB group. Considered with the more widespread spatial pattern of cortical thinning illustrated in the surface maps (Figure 3) , this suggests that cerebral amyloid is associated with greater cortical thinning in DLB. In ROI-based analyses of the amyloid-positive PD-impaired subgroup, the precentral region showed the greatest thinning (0.30 mm, 12% thinning), followed by the precuneus (0.21 mm, 12% thinning), with additional cortical thinning in superior frontal, paracentral, and angular regions (for each comparison: Tukey's post hoc test, p < 0.05, Bonferroni corrected). Cortical thinning was not evident at the ROI level in amyloid-negative PD-impaired subjects. Thus, in DLB and PD-impaired subjects but not in PD-normal subjects, amyloid deposition was associated with greater cortical thinning. Table 3 . Quantitative metrics of thinning in subgroups stratified by amyloid status
Regional cortical thinning relates to clinical features
In the DLB group, cortical thickness in the AD signature was negatively correlated with cognitive functional impairment as measured with the CDR-SB score (age adjusted partial Spearman rho = -0.52, p = 0.02) and was positively correlated with the MMSE score (partial Spearman rho = 0.48, p = 0.03; Figure 4A,B) . In the PD-impaired group, these findings were not observed (CDR-SB: partial Spearman rho = -0.13, p = 0.65), although a trend level correlation of moderate strength was observed between AD signature cortical thickness and the MMSE (partial Spearman rho = 0.46, p = 0.09). When the analyses were restricted to subjects with PDD, these correlations remained non-significant (CDR-SB: partial Spearman rho = -0.41, p = 0.31; MMSE: partial Spearman rho = 0.17, p = 0.68). In the PD-normal group, correlations between AD signature cortical thickness and CDR-SB and MMSE score were nonsignificant (CDR-SB: partial Spearman rho = -0.04, p = 0.87; MMSE: partial Spearman rho = 0.15, p = 0.49). When the correlations between cortical thinning in the AD signature and these cognitive functional measures were repeated in diagnostic subgroups stratified by amyloid status, only a trend level correlation of moderate strength was observed for amyloid-negative DLB between AD signature thickness and CDR-SB score (for CDR-SB, amyloid-negative DLB: partial Spearman rho = -0.62, p = 0.10; amyloid-positive DLB: partial Spearman rho = -0.12, p = 0.76; amyloid-negative PD-impaired: partial Spearman rho = 0.25, p = 0.55; amyloid-positive PD-impaired: partial Spearman rho = -0.50, p = 0.31; for MMSE, amyloid-negative DLB: partial Spearman rho = 0.29, p = 0.49; amyloid-positive DLB: partial Spearman rho = 0.44, p = 0.23; amyloid-negative PD-impaired: partial Spearman rho = 0.33, p = 0.43; amyloid-positive PD-impaired: partial Spearman rho = 0.36, p = 0.49). Because the fusiform region has been implicated in higher order visual processing and expertise (Duchaine and Yovel, 2015) , we next assessed whether fusiform cortical thickness also correlated with cognitive function. Similar to the above findings in AD-signature regions, fusiform cortical thickness correlated with cognitive impairment in DLB (CDR-SB score, age adjusted partial Spearman rho = -0.56, p = 0.01; MMSE score, partial Spearman rho = 0.57, p = 0.01; Figure 4C,D) . This correlation was not evident in the PD-impaired (CDR-SB score, partial Spearman rho = -0.28, p = 0.30; MMSE score, partial Spearman rho = 0.39, p = 0.15) or the PD-normal groups (CDR-SB score, partial Spearman rho = 0.11, p = 0.63; MMSE score, partial Spearman rho = -0.11, p = 0.63). Because visual hallucinations are common in the LBD, we also explored the possibility that fusiform cortical thickness might relate to the presence of visual hallucinations. However, DLB and PD-impaired diagnostic groups dichotomized on the basis of visual hallucinations did not differ in their fusiform cortical thickness (DLB with hallucinations 2.44 ± 0.26, DLB without hallucinations 2.39 ± 0.30, two-tailed t-test, p = 0.94; PD-impaired with hallucinations 2.55 ± 0.16, PD-impaired without hallucinations 2.60 ± 0.15, two-tailed t-test, p = 0.72). These results persisted in contrasts of DLB and PD-impaired subgroups stratified by amyloid status: For both amyloid positive and amyloid negative diagnostic subgroups, the presence of hallucinations did not affect fusiform cortical thickness (for each diagnostic subgroup of each amyloid status, two-tailed t-test, p > 0.51).
Given that thinning in primary motor cortical regions was a prominent finding in DLB and PD-impaired groups, we next evaluated its relation to motor impairment. Within each diagnostic group, primary motor cortical thickness was not significantly correlated with UPDRS motor scores (DLB: partial Spearman rho = -0.04, p = 0.86; PD-impaired: rho = -0.14, p = 0.62; PD-normal: rho = -0.21, p = 0.33). To determine whether amyloid deposition impacted this relationship, we repeated these analyses after stratifying by amyloid status. In the amyloid-negative DLB subgroup alone, greater thinning in primary motor cortex was associated with greater impairment on the UPDRS (amyloid-negative DLB: partial Spearman rho = -0.75, p = 0.03; amyloid-positive DLB: partial Spearman rho = 0.38, p = 0.32; amyloid-negative PD-impaired: partial Spearman rho = -0.27, p = 0.52; amyloid-positive PD-impaired: partial Spearman rho = 0.35, p = 0.50; Supplemental Figure 1) .
Together, these observations suggest that cortical thinning in AD signature and fusiform regions contributes to cognitive impairment in the LBD and raise the possibility that thinning in primary motor regions may contribute to motor impairment in DLB.
Discussion
The results of this study identify a pattern of cortical thinning shared between DLB and PD-impaired groups. The distribution of thinning overlapped with AD signature regions and extended to involve fusiform, precentral and paracentral cortex. In prior voxel-based morphometry studies, patterns of cortical atrophy in DLB and PDD have also been found to overlap (Burton et al., 2004) , albeit with greater volume loss in DLB (Beyer et al., 2007; Sanchez-Castaneda et al., 2009; Song et al., 2011; Summerfield et al., 2005; Weintraub et al., 2011) . Our results are also consistent with studies that have evaluated cortical thickness in DLB (Lee et al., 2018; Watson et al., 2015) and extend these findings to PD-associated cognitive impairment. The observation of thinning in primary motor cortices in the Lewy body diseases is interesting in light of the motor impairments that arise in these diseases. This finding is consistent with a neuropathological report showing that Lewy body pathology is associated with precentral cortical atrophy (Harper et al., 2017) .
In DLB, amyloid deposition was associated with markedly accentuated thinning that was widely distributed across many cortical regions, including the medial temporal lobe, consistent with recent reports (Lee et al., 2018; Mak et al., 2019; van der Zande et al., 2018) . In the absence of amyloid, cortical thinning in DLB could still be detected, revealing a synuclein-dependent pattern of cortical thinning that overlapped with and extended beyond the AD signature to include the precentral cortex, among other regions. However, medial temporal cortical thinning, a characteristic feature of AD, was much less prominent in DLB without amyloid than in DLB in the presence of cortical amyloid.
The impact of cortical amyloid in PD-impaired subjects was similar to DLB but distinct, driving distributed cortical thinning that spared the medial temporal cortex. The basis for this distinction is unclear but may relate to the nonsignificantly lower amyloid burden observed in the PD-impaired group compared to the DLB group. Differences between the groups in the level of cognitive impairment is unlikely to be explanatory, given that medial temporal sparing persisted when PDD subjects with comparable cognitive impairment were evaluated. Interestingly, amyloid deposition explained the full extent of cortical thinning detected in PD-impaired subjects: cortical thinning was not observed in PD-impaired participants with low amyloid burden. This result builds on previous studies of PDD (Compta et al., 2012; Mak et al., 2017) , where CSF markers of AD pathology have been found to correlate with gray matter atrophy and where AD co-pathology at autopsy has been associated with more severe and more widely distributed cortical atrophy (de la Monte et al., 1989) .
In contrast to DLB and PD-impaired participants, amyloid deposition did not influence cortical thickness in cognitively normal PD participants. This result suggests that amyloid alone is not responsible for thinning and cognitive impairment, but instead works in concert with other molecular pathologies, including but not limited to neuromodulator loss (Gomperts, 2014; Halliday et al., 2014) , cortical alpha-synuclein aggregates (Calo et al., 2016; Colom-Cadena et al., 2017; Schulz-Schaeffer, 2010) , and tau deposits (Gomperts et al., 2016; Hansen et al., 2017) that are necessary for the neuropathological cascades that underlie atrophy and accelerate cognitive impairment (Gomperts et al., 2013; Siderowf et al., 2010) in the LBD. In this regard, neurofibrillary tangles measured with tau PET have been shown to correlate with cognitive impairment (Gomperts et al., 2016; Smith et al., 2018) .
With respect to the clinical repercussions of cortical thinning, consistent with previous studies (Elder et al., 2017; Sanchez-Castaneda et al., 2009) , we observed a strong association in DLB between greater cortical thinning in AD signature regions and greater cognitive functional impairment.
Although we found only a trend-level relation in PD-impaired subjects, we anticipate that differences in the extent of cortical thinning and in the severity of cognitive impairment in the DLB and PD-impaired groups may have contributed to this apparent distinction. Similar findings were found for the fusiform region implicated in higher order visual processing (Duchaine and Yovel, 2015) , where greater thinning was associated with greater cognitive impairment in DLB. Together, these results suggest that thinning in both AD signature regions and the fusiform cortex contribute to cognitive impairment in the LBD.
In contrast to the impact of regional cortical thinning on cognitive function, we did not detect a significant association between the extent of precentral and paracentral cortical thinning and the severity of motor impairment in any Lewy body disease group. After stratification on the basis of amyloid status, however, such a relationship was evident in amyloid-negative DLB subjects. Due to limited sample sizes in amyloid-stratified subgroups, we consider this result exploratory, but we note that it supports the possibility that the disparate molecular cascades that contribute to cortical thinning in the LBD (synuclein-dependent and amyloid-dependent cascades differentially manifesting in synapse loss, cell death of distinct populations, or other causes of loss of neuropil) may have distinct repercussions on clinical function.
Strengths of this study include the inclusion of clinically well-characterized participants with both DLB and PD across a range of cognitive impairment, including PD-MCI and PDD. The use of Freesurfer permitted high resolution cortical thickness measurements that build on prior volume based approaches. In addition, the stratification of cortical thickness on the basis of amyloid burden has, to our knowledge, never been applied to PD or to its contrast with DLB. However, there are also some limitations. Because healthy control subjects did not undergo amyloid imaging, some controls were likely amyloid positive. This may have reduced our sensitivity to detect differences between the diagnostic groups and the healthy controls. In support of the high specificity of the clinical criteria used to diagnose Lewy body disease, as shown previously (Huang and Halliday, 2013; Nelson et al., 2010) , all 18 LBD subjects who underwent neuropathologic assessment had Lewy body disease. In addition, the greater cognitive and motor impairments of the DLB group compared to the PD-impaired group may have contributed to the apparent differences between these groups. However, analyses restricted to PDD subjects gave similar results to those of the PD-impaired group. The diagnostic groups were well-matched for age, and the results of the vertex-based analyses were unchanged after tight matching for age across the groups. Even so, future vertex-wide analyses with larger datasets using age as a covariate will be useful to exclude the possible contribution of group differences in age-related atrophy. Another possible weakness is the small sample sizes of subgroups stratified by amyloid, but the impact of amyloid on cortical thinning was evident in any case. We conclude that the topography of cortical thinning is broadly similar in DLB and PD-associated impairment, is markedly influenced by amyloid deposition, and impacts cognitive function.
